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FOREWORD

This report was prepared by The Bosing Company, Aerospace Group, Seattle,
Washington under Contract DAAA 25-69-C0206 and covers the work performed
between December 1970 and December 1971. This Is the final report for

Phuie |1l of Electronic Signal Processing Techniques. Phase | was conucted
between October 1968 and July 1969, and Phase |l was conducted barween
October 1969 and October 1970.

The program was sponsored by the Advanced Research Projects Agency of the
Department of Defense under ARPA Order 1246, Program Element Code
G1101D. The program was administered under the direction of the Frankford
Arsenal by Mr, Eugene Roffman.

The research was conducted at The Boeing Company, Kent Space Center
Materials and Processes Laboratery. Mr. Eugene E. Sauer was the Program
Manager, Dr. Wayne E. Woodmansee was the Technical Leader, aud Mr.
James C. Kennedy was the Principal Investigate:.



ABSTRACT

Correlation methods have been used to reduce surface roughness nolse In
eddy current and ultrasonlc flaw detection systems. Titanium plates con-
talning artificlai flaws In the form of small drill holes and EDM slots
have been ultrasonically inspected using multi-transducer techniques. It
has been shown that cross~correlations formed between t:3 various signals
avallable significant!y reduce the limiting background noise. A steel
plate contalning EDM slots has been inspected with an eddy current probe
which produces four separate flaw detection signals. [t has been shown
that a quadruple product formed from these four signals reduces the back-
ground noise |.:vel. Initial tests Indicate that coherent optical processing
techniques are not likely to significantly enhance the clarity of marginal
flaw signals on X-ray radiographs.
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INTRODUCTION

This is the final report covering a three year study for the Advanced Research
Projects Agency on the application of electron!; signal processing techniques

to nondestructive testing. This report covers, 11 detail, the work of the last
twelve months and coriains a review summary of the entire three year project.
During the first two years a number of different experiments were performed in-
volving the application of signal processing techniques to ultrasonic and eddy
current systems. The experiments involved noise reduction, recording, display,
and instrumentation development, Particular attention has been directed to the
reduction of surface roughness noise In both ultrasonic and eddy current systems.
Noise of this kind Is not easlly removed and frequently affects sensitivity.
Attempts tc reduce surface roughness noise have led in the final year of activity
to the examination of multi-transducer and multi=coil systems. The cross corre~
lation of the varlous signals produced in such systems has in several cases produced
a significant reduction In background noise. An Interesting aspect of this work is
the fact that improvements have been made in both ultrasonic and eddy current
systems using the same nolse reduction principle. The details of these experiments
appear in the following pages.



DISCUSSION

CORRELATION METHODS IN ULTRASONIC WELD INSPECTION
Thaory

Fresent ultrasonlc weld inspection systems are limited In sensitivity by back=-
ground nolse due to the scattering of sound from surface irregularlties and

from the granular structure of the materlal. Even when the surface roughness
and graln structure of a part are acceptable from a metailurglcal standpolint one
frequently obtalns ultrasonlc Indlcations from these conditions which exceed the
Indications obtalned from small cracks. The scattering of the ultrasound by sur-
face roughness can be reduced by grinding or machining but some surface Irregu-
laritles always remaln. There Is |ittle that can be done about the granularlty of
a material except for the avoldance of high ultrasonic frequencles. Of course,
If one works at frequencles much below a megacycie resolution Is severely de-
graded,

The nolse due to surface Irregularities and graln scattering Is readlly visible In

the CRT display of the pulsed ultrasonic signals i For a fixed transducer position,
It consists of a stable pattern of Irregular peaks'. [t Is Important to note that the
nolse Is not random In the usual sense. The nolse signal Is Identical for each
successive ultrasonlc pulse and consequently a well defined pattern appears on the
screen. Furthermore, although the pattern changes In a complicated manner for
small changes In position of the transducer, the pattern will reproduce In detall 1f
the transducer Is carefully returned to Its orlginal position. The nolse cannot be
effectively reduced by conventional signal cveraging procedures.

In the case of random nolse, such as that which comes from amplifiers at high galn,
successive signal pulses occur In different background nolse patterns. This effect
can be readily observed In a serles of single sweep exposures taken from the CRT
display. It is this basic feature which allows the signal to nolse Improvements to be
made. In signal averagers the Improvements are accomplished by the addition of
signals from a large number of successive pulses, The nolse, which tends to be nega=
tive as often as It Is positive, averages to zero. The desired signal, which Is always
of the same size and polarity, Is retained.

In the present. work techniques were developed for producing flaw signals Immersed
In varlous background noise patterns, and signal to nolse Improvement was accomp~
lished by multiplication of the patterns. The multiplication Is performed on the
gated video, which Is an essentially DC signal. The ultrasonlc transducers are set
up for the Inspection of the weld and the electronic gate Is set to recelve pulses

from the region of the weld. As the transducer scans along the length of the weld,

a signal is generated at the gate output which can bs plotted on an XY pen recorder.
Figure 11 is a typical data curve. The data contalns flaw signals and an irregular
noise background. Proper positioning of the transducers allows the production of
several sets of data of this kind, each with a different background nolse pattem.




Figures 12 and 13 are examples. Multiplication of these patterns produces signifi-
cant Improvements !n signal to nolse rario. A triple product curve appears in
Figure 15. [t should be noted that, apart from the fact that no integration is used,
the individual products are Iike a crosi-correlation with zero time shift betwsen
the signals.

initial correlations ware made by inspecting a weld |12 from both sides, recording
the results on an XY plotter, and performing point by point muliiplication with a
desk calculater. Transducer configurations were developed which would allow the
collection of several different sets of data from the same side of the weld. Three
of the sets were selected for analysis. They were recorded on magneti c tape and
multiplication was performed on playback.

Finally, ultrasonic correlati 'ns were performed in real time. Five transducers were
set up for the inspection ¥ the same weld volume and were caused to scan as a

unit along the length of the weld. A number of signals were avcilable for multi-
plication, both pulse echo and pitch-catch. Three were selected for multiplication
and a real time triple product was formed. The detalls appear in the sections to
follow.,

MULTIPLICATION OF TAPE RECORDFED ULTRASONIC DATA
Specimen

The specimen is shown in Figure 1. This specimen was inspected as If it contained a
weld seam with possible flaws. It is a quarter Inch titanium plate one foot on a side.
The specimen contains six artificial flaws in the form of drill holes and EDM slots.
Dimensions are shown In the diagram. The line along which the holes and slots are
located was taken to be the weld line,

Equipment and Procedure

The plate shown in Figure 1 was Initialiy inspected using the pulse-echo shear wave
immersion technique. A Sperry UM 721 Reflectoscope was used as pulser receiver.
The inspection was performed at 5 MHz using a 1/2 inch diameter Automation In-
dustries transducer. A closeup of the transducer and holder is shown in Figure 2.
The transducer Is firmly held in an aluminum block. A bolt has been used to fasten
the block to a small vertically held aluminum plate. The biock Is free to rotate so
that thz angle between the sound beam and the normal to the surface of the test

part can be adjusted.

The aluminum plate is adhesively bonded to a small but strong ferrite permanent
magnet which forms the base of the trar.sducer holder. Figure 3 shows the trunsducer
mounted In position for inspecting the titanium plate. The transducer holder is
magnetically attached to a steel plate which is part of the scanning unit., A piece
of Teflon tape placed on the bottom of the ferrite magnet allows the transducer to be



-—

l2ll

i

TITANIUM PLATE

Moton
10 mil 1/64
drill EDM
| holes slots
t M= A
— L] L] =
| 2 3 4

Transducer ﬁ>

/44"

FIGURE 1

TEST SPECIMEN

+



J3QT0H ¥IDNASNVIL ¢ NSO




N

¥ —F : ' 7 4 Vi ' 7 ’ ’ ’

TRAEY SHEpEAE jrRg
et mrouj paanpocday




easily moved fo any desired location or angle. During inspection the entire
assemblage moves along the length of the weld. A voltage indicating the position
of the transducer Is fed irto the X axis of & Moseley 7000 recorder. The Sperry
gate output is connected to the Y axis. Typlcal weld scan data can be seen In
Figure 11,

The artificial flaws in the specimen used are al| easlly visible !f the transducer Is
adjusted so that the sound path makes a small angle with the normal to the test part
(eg. ©'=15°In Figure 4). In such a case, sound will be strongly reflected from
the corner formed by the flat surface of the specimen and the face of the EDM slot
or drill hole In question. In order to obtain an electronic signal more representa-
tive of a small totally Interior zrack, 21 degrees was selected as a value

for @. Under these conditions o 48 degree shear wave is set up in the part, and
the smallest flaw Indications huve a signal to nolse ratio of 1 to 1 or less.

Procedures were examined for obtalning several different sets of data from the same
slice of "weld". |t was desired that each set contaln similar flaw Indications but
different background noise pattems. Initial correlations were obtained through

point by point multiplication of data taken from the two sides of the weld line.

The geometry for the collection of data from both sides of the weld can be seen in
Figures 4a and 4b. However, as Figures 4c and 4d Iadicate this method Is reliable
for vertical flaws only. Another procedure is to examine the weld from the position
shown in Figure 5. For this case we have cbserved a change in the fine structure of
the noise but many of the larger noise peaks: are the same as those obtained In the
conventional configuration. A more successful procedure Involves the use of the
double transducer arrangement shown in Figure 6 and depicted more graphically in
Figure 7. If the transducers are carefully located, this arrangement produces strong
flaw signals Immersed In a background nolse pattern totally different from that ob=
talned in the conventional conflquration. Moreover, several different background
nolse patterns can be produced by selecting several differant-values for the angle @ .
Figure 8 shows the two transducers mounted on the scanner with an included angle 24
equal to 20 degraes. The recording and electronic gating procedures were the same
for this case as they were for the single transduc: | configuration. Typical data for
the dual transducer case can be seen In Figure 12,

One can envision the direction of the sound path as being defined by the angles ¢,
Figure 4, and @, Figure 6. A major benefit of the transducer positioning fixture
usad in this work Is that It provides corvenient, Independent adjustment of these
two angles. For the data presented here both transducers of a glven palr were set
at @ = 21 degrees. The angle § was found to be more or less arbitrary. Angles
less than 10 degrees are difficult because the transducers come into physical contact
with one ariother. In data taken to date angles greater than 80 degrees have ex-
hibited poo- flaw sensitivity. Data | . presented in this report for @ values of 20
and 30 degrees. The single transducer conventional pulse echo configuration can
be though of as the 6 = o configuration.
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FIGURE 4 INSPECTION OF WELD FROM BOTH SIDES
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FIGURE 5 MULTIPLE REFLECTION TRANSDUCER GEOMETRY
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A tape recorder wai used fo produce the product dota. The data seen In Figures 11,
12, and 13 were racorded on separate FM channels of an Ampex SP300 tape re-
corder, and were passed through an analog mul tiplier upon playback. The tape re-
corder and multlplier can be seen In Figure 9. Figure 10 Is @ block diagram of the
electronlcs. The multiplier Is an Analog Devices 426A Multiplier/Divider. It Is a
small, relatively Inexpensive, solid state device. Seen also In Figure 9 are the
multiplier power supply and the breadboaid DC ampliflers and level shifters which
form the Interface between the tape recorder and the multiplier. Using two multi~
pliers the triple product could be formed rcadlly with one playback operation. To
produce the data reported here, however, the zero degree and forty degree data
were multiplied together and the result was recorded on tape. A pen recording of
the flrst product can be seen In Figure 14, A second playback step was used to
multiply the first product by the sixty degree data. A pen recording of the triple
product can be seen In Figure 15,

Proper alignment of the data on the varlous channels of the tape recorder is essentlal .

If the data Is not accurately aligned, flaw Indlcations can be lost by taking the pro-
duct. Several condltions are required to obtaln properly aligned data. The

SP300 record mode must be automaticall y Initlated when the scanner reaches a glven
position along the length of the weld. The position In question can be deflne by
the recelpt of an echo from a hole In a beam position Indlcator lined up with the
weld. A mlcroswitch and relay can be used fo start the recorder. !n addition, the
magnetlc tape must start from the same place each time. Immediatel y preceeding
Inltlation of the record mode for a glven scan along the weld, the magnetlc tape
must be placed in a glven position, accurate to several millimeters, relative to the
record head. Flnally, since the recorder tape drlve operates ot a constant speed

the scanner must move at a constant speed. If this condltion Is not met the data may
be allgned at the beginning of a glven scan but not at *he end. Use of an AC syn-
chronous motor to drlve the scanner was adequate fo: the present work.

Data and Concluslons

The data shown in Figure 11 was taken from that portion of the test specimen con~
talning the six artificlal flaws, (Figure 1). Four of the "flaw" Indications are
readlly distingulshable, one Is marginal and the last Is not distingulshable from

the surrounding nolse background. The large peak on the left Is due to an edge re-
flection. The majority of the background noise appears to be due to the surface
roughness of the plate and to the granularlty of the titanium metal. Knowlng the
location of the artificlal flaws enables one to locate the probable flaw Indlc.ations
even for the two marginal signals In the present data. The locations are Indlcated
In Figure 11. Note that the curve contalns a number of other peaks of height and
shape approximately the same as that of the smaller of the two ten mll drill hole In-
dications. The approximate slgnal to noise ratlo for the smallor ten mi! drlll hole
Indication is one to one.

12
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The data shown in Figures 12 and 13 were also taken from the reglon of the test
specimen containing the artificlal flaws. Note that the signal te nolse ratio |s
approximately the same for all three sets of dato; the zero degree or conventional
data, the forty degree data, and the sixty degree data. The approximately equal
quality of the data is Important because improvement is unlikely If the product is
taken between good and bad sets of data. Note a'so that each set of data ex=
hibits a different background noise pattern. This Is essential if the multiplication
process is to reduce the general level of background nolse. It Is belleved that
the background nolse patterns are different because, in each case, the sound
enters the part at a differeat location and subsequently follows a different path,

Figure 14 shows the product of the zero degree and forty degree data. Note that

a significant number of extraneous peaks have been removed. The signal to nolse
ratio appears to be on the order of two to one or twe point flve to orie, Figure 15
shows the iriple product. In this curve the signal to noise ratio has Increased fo

a value of about five to one. Some pe~ks of uiik:nown origin at the right end of the
scan continue to be retained.

Although correlation produces impressive Improvements In signal to nolse ratlo,

It is unlikely that the procedure we have described will reliably yleld satisfactory
raw data. This Is due to the fact that ultrasonic signals are typically sensitively
dependent upon transducer position and orientation. A small change In transducer
position can produce a large change In the ultrasonic signal obtalned from a
localized scattering center. Consequently, small errors in fransducer position dur-
ing Initlal setup can produce large changes ir: the signal to nolse ratio of the flaw
Indication. If the signal to nolse ratio of the tiaw Indicatien In any of the factor
curves is less than 1 to 2 the multiplication process may not improve matters and |f
It Is greater than 3 to 1 multiplication is not needed.

If however one sets up an array of transducers in the configuration of Figure 17,
one can take advantage of the position sensitivity and still find opportunities to
improve marginal signals by correlation. Under these conditions a number of signals
are avallable for correlation and signal to nolse Improvements can be obtained by
forming properly chosen products. If a flaw signal appears clearly in any of the
original data curves there will, of course be no need for correlation to establish Its
presence. If marginal signals occur at approximately the same place In several of
the curves a product of those curves may make a significant Improvement In the
clarity of the signal. The process could be made automatic by feeding all ossible
products into threshold level alarm systems. Detalls of the work performed on real
Hime correlation with a multitransducer array appear In the next section.

MULTIPLICATION OF ULTRASONIC DATA IN REAL TIME
Specimen

The specimen used for this portion of the work is shown in Figure 16. The plate is

of 6Al-4V titanium metal and contains ten end cut drir, holes as shown !n the diagram.

18
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These holes, five flat bottom and five round botiom, are intended to be represen to-
tive of totally interior cracks. As before, the specimen was examined as If it con-
talned a weld seam with possible flaws. As shown In the diagram the centerline

of the "weld" was taken to be a line 1/Z Inch in from the edge,

Equiument and Procedure

The specimen of Figure 16 was Inspected using the five transducer array shown In
Figure 17. A schematic representation of the tra.:sducar configuration appears as

a portion of Fgure 18. The array can be considered as an extension to more than
two trensducers of the arrangement shown in Figure 6 of the previous section. Each
of the transducers has the same value of ¢. The value of ¢ which produced the
largest response to the easily visible drill holes was selected.,

As can be seen from the diagrams the transducers have various values of @ . The
transducers are all directed towards the same weld volume. There are g large
number of possible entrance and ext paths providing the oppuortunity to Inspect

the weld volume from a number of differant aspects without physical motion. Since
uitrasonic flaw Indications are strongly sensitive to the detailed orlentation and
geometry of the flaw, an arrangement of this kind Is likely to increase the possibility
of detecting small localized scattering centers. With adequate electronics u number
of signals can be made avallable simultaneously and correlation In real time becomes
a relatively simple matter.

in the present work only one transducer at a time was allowed to transmit, the other
four being considered as recelvers. In this operating mode tha configuration i like
a Delta Scan system with a number of receivers. The use of more than one trans-
mitter produces crosstalk the effect of which will have to be the subject of further work.
The various one-transmitter combinations were examined using the specimen in
Figure 16. As before, recordings were made on an XY plotier. The three transmit
receive patterns which exhibited the flaws most clearly were selected. The three
sigrals selected, as shown in Figure 18, correspond to transducer nun:ber 3 trans-
mitting and transducers 1, 4, and 5 recelving. It Is important to note that rione of
the signals selected is in an expected specular direction. The data can be seen in
Figure 22,

The weld scanning pattern is necessarily different for the multi-transducer array

than it is for a single transducer arrangement. The gate location and transducer
scanning motion for a conventional single transducer inspection are shown in Figure 19,
The transducer shuttles back and forth in a horizontal plane as the weld Is inspected
from top to bottom. A wide gate Is employed which encompasses the weld volume for
all positions of the transducer. A motion of this kind is not acceptable for the multi-
transducer array because the common polint of Intersection of the transducers moves

in and our of the weld plane as the set of transducers shuttles back and forth How-
ever, if the set of transducers shuttles in a verti cal plane the common polint of inter-
section moves up and down In the weld plane and the weld Is interrogated in the usual

21
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~ fashion. The motion is depicted in Figure 20. The use of a narrow gate with a

variable time delay is also indicated in Figure 20. If o narrow gate is used the
gate time delay is a linear function of the vertical position of the set of trans-
ducers, Vertical position information can be supplied by a potentiometer
attached to the scanner. Electronic circuitry for a variable time delay gate is
available, We have previously dfscussed the operation of such a gate from a
position indicating potentiometer®. Use of a narrow gate rather than a wide gate
considerably reduces background noise.

The transducers used for the real time multiplication work are all 1/2 inch dia-
meter 5 MHz crystals, The five transducers, purchased as a group so that their
properties would be similar, were obtained from The Zetec Corporation. The
transducers need not be ideniical, but if they are similar system operation is simp-
lified. The system electronics can be seen in the block diagram of Figure 18.

Two Sperry UM721 Reflectoscopes are synchronized together. One Reflectoscope
's operated with two pulser-receiver units and the other is operated with one pul ser-
receiver unit. This arrangement provides enough amplifiers and gates to handle
three signals at the same time. The signals are om)lified, detected, and goted in
the Sperry circultry, and the transigate outputs are cannected to the multiplier
circuitry shown in Figure 21. The amplifiers shown in Figure 21 perform the amp-
lification, inversion, and level shift necessary o fit the dynamic range of the
transigate output into the ten volt ranpe required by the multipliers. They are ad-
justed so that the linear portion of the tr ansigate output is fit into the renge N to
10 volis positive. The triple product is produced by two Analog Devices 426 A
multiplier units connected as shown in the diagram.

Data and Conclusions

The three recordings which most clearly exhibit the ten artificial flaws are shown
in Figure 22, Individual drill holes can be identified by comparing Figure 22 to
Figure 16. The flat holes are on the left and the round holes are on the right.
There were other recordings, some of which contained inferior indications of the
10 and 25 mil drill holes. Those recordings were intentionally excluded from ths
product because it was known that no improvement would result. Decisions of this
kind are possible in real inspection situations if one is performing a lengthy and
detailed examination of a weld sample. In an inspection line situation all possible
products would have to be automatically calculated ond fed into threshold level
alarm systems. Since a large number of signals are possible a small on-line com~
puter is indicated for this operation. The multiplication and alarm triggering could
be done in digital form.

No one recording shows all of the flaws cleanly, but each of the recordings con-
tains some indication of ali ten flaws. Indications from even the smallest flaws
appear clearly somewhere in the set of three data curves. This reveals the di ffi-
culty we have had producing artificial flaws vhose indications have a signal to noise
ratio of 1 to | or less. Even with the present data however, it is possible to demon-
strate considerable signai to noise improvement by correlation.
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The real time triple product curve can be seen in Figure 23. Also shown there is
a triple product curve taken from a region of the part known to contain no flaws.
All ten flaws are now clearly visible in one recording, Comparison of Figures 22
and 23 reveals a considerable improvement in signal to noise ratio.

CORRELATION METHODS IN EDDY CURRENT CRACK DETECTION
Theory

Eddy current crack detection systems are commonly limited in sensitivity by back-
ground noise due to surface roughness, Even when the surface roughness is accept-
able from o metallurgical standpoint, roughness indications can exce ed the indica-
tions obtained from small cracks. In the present work correlation methods have been
used to reduce surface roughness noise. We have used a multiple coil probe which
produces four eddy current signals. The four signals contain similar flaw indications
but exhibit different background noise patterns, As the eddy current probe scans
over the part, areal time quadruple product is formed from the four signals. A con-
siderable improvement in +c clarity of the flow indications results.

Conventional eddy current coils contact the test part in the manner shown in Fioure
24a. Background noise due to surface rouahness and liftoff can frequently be re-
duced by using differential coils. The differential coil in a typical commercially
available instrument contacts the test part in the manner shewn in Figure 24b. The
coils are balanced in opposit  -rms of on AC bridge. A response is obtained only
when the part causes the coii impedances to be unequal . Probe liftoff and tilt tend
lo affect both coils and the instrumentation produces only a moderate response. A
sharp crack however is likely to affect one coil more than the other and a cleor re-
speise is obtained, The probe s normally oriented with respect to the line of motion
as shown in the diagrum. The coil perpendicular to the line of motion usually pro-
disces the sharp crack response, and the coil parallel to the tine of motion provides
the liftoff compensation. In Figure 24c is shown a differential coil which has the
virtue that it can be brought inta close proximity with several other coils of the same
design. In Figure 24d several such coils have been fitted together into a configura-
tion which can be incorporated into a single probe. Four signals can be obtained
from such a probe. Each signal originates in a pair of differential coils. In general,
the four signals are different because the coils which provide liftoff compensation
contact the part in different places. As a result the eddy current surface roughness
noise is different for cach signal . However, since the four crack response coils are
closely grouped, they all inspect the same portion of the part and they respond simul -
tancously to any cracks which may be encountered. The eddy current crack response
is therefore the sume foi each signal. The cross-correlation of signals with the above
characteristics tends to reduce background noise and enhance flaw indications.
Sections to follow will describe the correlation of signals obtained from a prabe like
the onc in Figure 24d. Improvements in the signal to noise ratio of flaw indications
will be demonstrated.
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MULTIPLICATION OF EDDY CURRENT DATA |N REAL TIME
Specimens

A diagram of the test part used for the eddy current correlation work appears in
Figure 25. It is an eighth inch thick 18% Ni steal plate, 4 inches wide and

5 inches long. It contains two artificial flaws in the form of EDM slots located
as shown. To produce the data presented in this report the eddy current probe
was caused to move along the path labeled "scan line". The eddy current data
includes indications from the EDM slots and indications from scratches and
irregularities on the surface of the part. Actually the part is relatively smooth.
Its roughness can be determined quantitatively from the surface profile curve
shown in Flgure 25, The surface profile data was obtained from a line parallel
to and 1/8 inch away from the scan line. Also shown in Figure 25 is a photo-
graph of the test part surface. Notice that the surface happens to be ground in
at least two different directions. Correlation techniques were effective in re-
ducing the eddy current surface roughness noise encountered during the inspec-
tion of this test part.

The surface profile of a second test part is shown in Figure 26. This part contains
a number of long surface scratches and deep corrosion pits. Some of these can be
seen in the photograph in Figure 26. Correlation techniques we-e unsuccessful
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